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Abstract 
This work focuses on studying the relationship between the welding and hardening parameters of friction stir welded Al 2024 
alloy. The experiments were conducted using Box Behnken design of Response surface methodology. The conducted 
experiments were then subjected to mechanical testing such as ultimate tensile strength and izod impact tests. Then the identified 
Least Square hardening model was compared with the welding parameters to explain the relationship between them. The 
Statistical software “Minitab 16” was used to generate models of the responses. This relation between the identified models of 
the responses with the welding parameters helps to predict the mechanical property behavior of the friction stir welded Al 2024 
alloy. This prediction helps to understand the behavior of the alloy during friction stir welding thereby minimizing the 
experimental cost and time in the future. 
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1. Introduction 
In the friction stir welding [1], the welding parameters were the important criterion which decides the quality of 
the weld. A proper selection of welding parameter [2-4] ensures the good welding condition and the friction stir 
welded plates obviously have good mechanical properties irrespective of selection of materials.As a result of friction 
stir welding the work hardening takes place in the material which results in the increase of dislocation density. As 
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the dislocation density increases there is an increase in flow stress of the material.Because of this dislocation 
movement the strengthening occurs within the crystal structure of the material. The hardening parameters of the 
material are taken by swift hardening law [5]; it is the law which determines the hardening parameters from the 
stress-strain relationship. According to swift hardening law in equation (1), 
n
pk )( 0 HHV                                                                                                                                          (1) 
Where,  σ = stress 
  ε0= initial yield strain 
  εp= plastic strain 
  k = strength coefficient 
  n = hardening exponent 
From the swift hardening law, hardening parameters are calculated using stress-strain curves. The hardening 
parameters obtained by this method are called least square hardening models. In this study the relation between 
welding parameters and hardening parameter of the friction stir welded aluminium 2024 alloy were studied. 
 
Nomenclature 
k Strength coefficient 
ε0 Initial yield strain 
n hardening exponent 
 
2. Experimental procedure 
Aluminium alloy of grade 2024 was used to perform friction stir welding in this study. The chemical composition 
of aluminium alloy 2024 was given in table 1. The aluminium alloy was made into required dimensions of 
75x50x6mm. The prepared samples were welded using three straight cylindrical threaded tools of three different 
diameter ratios (Pin diameter/shoulder diameter) [6, 7]. The fabricated tools with different diametrical ratios were 
shown in figure 1.  
                                                Table 1 Chemical composition of Aluminum alloy 2024 
Matl. Si Fe Cu Mn Mg Zn Ti Cr Al 
% 0.05 0.12 4.38 0.49 1.50 0.02 0.05 0.01 Remaining 
The experiments were conducted using 3 factors 3 levels experimental design of Box-Behnken design of response 
surface methodology [8]. The levels and ranges of the chosen process parameters were shown in table 2. The tensile 
specimens for the mechanical property testing were followed as per ASTM B557 Mguidelines. 
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Fig 1 Straight cylindrical threaded tool pin profile of three different diameter ratios 
Tensile test are carried out in the universal testing machine having maximum load range of 50KN. The hardening 
parameters such as strength coefficient (k), initial yield strain (ε0) and hardening exponent (n) are calculated 
according to Swift’s hardening law by stress-strain relationship graph. 
 
                                                                     Table 2 Levels and ranges of FSW process parameters 
Factor 
Low level 
(-1) 
Center point 
(0) 
High level 
(+1) 
N/(r.mm-1) 1000 1400 2000 
F/(mm.min-1) 21 29 41 
r/% 33 32 30 
3. Results 
Results of tensile strength, impact strength and the hardening parameters were tabulated in table 3. The 
regression models and optimization were done using MINITAB 16 statistical software. The optimization [9] was 
validated using confirmation tests which resulted in higher mechanical property characteristics. On the observation 
of results itreveals that, maximum mechanical property characteristics were attained at the parameter combination of 
1400rpm tool rotational speed, 29mm/min feed and 32% diameter ratio. Whereas, the tool rotational speed at 1400 
& 2000 rpm and the feed at 29 mm/min have more influence on strength coefficient and tensile strength. This shows 
that the tool rotational speed has a major influence over the responses. However, for the initial yield strain, 
hardening coefficient and impact strength the parameter range of 1400 rpm tool rotational speed, 29 mm/min feed 
and 33 & 32% diameter ratio have major influence over the before said responses.  
r = 33% r = 32% r = 30% 
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                                     Table 3 Results of friction stir welded aluminum alloy 2024 
 
S.No 
ActualWelding parameters HardeningParameters 
N 
(r·min−1) 
F 
(mm·min−1) 
R 
(%) 
U.T.S 
(MPa) 
I.S 
(Kgm) 
K 
(MPa) 
n 
εo 
(%) 
1 1000 21 32 88 0.43 84.7 0.021 0.0066 
2 2000 21 32 194 0.42 176.6 0.061 0.0046 
3 1000 41 32 98 0.48 95.69 0.008 0.0203 
4 2000 41 32 106 0.42 103.0 0.018 0.0056 
5 1000 29 33 160 0.67 151.97 0.032 0.0083 
6 2000 29 33 93 0.42 89 0.03 0.0040 
7 1000 29 30 136 0.41 128.68 0.032 0.0056 
8 2000 29 30 152 0.53 146.4 0.035 0.0058 
9 1400 21 33 178 0.66 165.7 0.041 0.0060 
10 1400 41 33 96 0.51 92.85 0.034 0.0040 
11 1400 21 30 189 0.55 173.8 0.05 0.0053 
12 1400 41 30 250 0.53 223.4 0.073 0.0046 
13 1400 29 32 202 0.54 188.3 0.037 0.0093 
14 1400 29 32 174 0.55 162.8 0.036 0.0066 
15 1400 29 32 221 0.56 206.4 0.036 0.0066 
 
3.1. Regression equations 
 The analysis of variance of the responses was done using MINITAB 16 software and it was proved that the 
variables are statistically significant. The developed regression equation [10] for each response such as tensile 
strength, impact strength, strength coefficient, hardening exponent, intial yield strain are given below from equation 
(2)-(6) respectively. 
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The regression equation for 
Tensile strength = 697 + 0.0048 Tool Rotational speed - 1.33 Feed - 16.0 Diameter ratio                                    (2)    
 
Impact value = 0.206 - 0.000065 Tool rotational speed - 0.00172 Feed + 0.0142 Diameter ratio                         (3) 
 
Strength coefficient = 613 + 0.0039 Tool Rotational speed - 1.18 Feed - 13.8 Diameter ratio                              (4) 
 
Hardening exponent = 0.200 + 0.000010 Tool Rotational speed - 0.000450 Feed - 0.00517 Diameter ratio        (5) 
 
Initial yield strain = - 0.0028 - 0.000005 Tool Rotational speed + 0.000152 Feed + 0.000383 Diameter ratio     (6) 
3.2. Optimization and confirmation test 
The optimized parameters for the higher mechanical property characteristics and their confirmation test are 
shown in table 4. 
 
            Table 4 optimized parameters and confirmation test values 
Optimum value N/rpm f/mm.min-1 r/% 
Strength 
Coefficient 
/Mpa 
Hardening exponent 
n 
Initial yield 
Strain 
ε0 
Tensile 
Strength 
Mpa 
Impact 
strength 
Kgm 
Hardening Exponent 1400 41 30 204.13 0.019 0.0043 215 0.42 
Strength coefficient 1000 41 32 248.11 0.018 0.0100 261 0.40 
Initial yield strain 1000 41 32 248.11 0.018 0.0100 261 0.40 
Tensile strength 1000 41 32 248.11 0.018 0.0100 261 0.40 
Impact strength 1400 21 33 132.27 0.014 0.0030 137 0.52 
 
4. Discussions 
The main effects plots for the responses are shown in figure 2.The main effect plot of data means for hardening 
coefficient shows that there is maximum value in this response when the tool rotational speed at 1400 rpm, feed at 
21 mm/min and at 30% of diameter ratio. This shows that when there is an increase in the welding parameters the 
response hardening exponent tends to decreases from its value. The main effect plot for strength coefficient shows 
that maximum value was obtained at welding parameters of 1400rpm tool rotational speed, 29mm/min feed and 
30% diameter ratio. Here too, when there is an increase in the welding parameters the optimum value gets affected. 
As for as the main effect plot for initial yield strain is concerned at diameter ratio of 32% is at optimal level while 
the feed influences the value as it goes on increasing to its high level. But the rotational speed tends to decrease the 
response as it was raised to high level. The tensile strength keeps a steady value when the feed is at low and mid 
level but when it goes to the high level the response is influenced to decrease from its optimal value. The influence 
of the rotational speed is high when it is as the mid level. It tends to decrease its property either it goes to low level 
or to a high level experiments. However, the influence of diameter ratio follows a different strategy that it decreases 
its property when it increases to mid level and high level experiments.  Likewise, in the impact strength the tool 
rotational speed and feed were same as it is in the case of tensile strength. But the diameter ratio has its influence 
over the response at high level experiments. Hence, the welding parameters are directly linked with the hardening 
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parameters and it was proved from the observation of responses through the experimentation of friction stir welded 
Al 2024 alloy and also proved by the optimization. It was observed that tool rotational speed has the most influence 
over the responses than the welding speed and diameter ratio. Nevertheless, the influences of the welding speed and 
diameter ratio must be taken in account for the determination of the responses and even the combination of the three 
welding parameters are important in deciding the hardening parameter values. 
 
 
 
Fig 2 Main effects plots for the responses 
4.1. SEM Analysis 
SEM analysis was performed on the fracture surface for the tensile test specimens on the FSW joints. The SEM 
image was taken at 20μmfor high and low tensile value level to see the microstructure [11] modification in the 
fractured area of the friction stir welded Aluminium alloy 2024 are shown in figure 3.The Fig. 3 (a-d) shows the 
fracture area of the tensile test specimen of friction stir welded Al 2024 alloy. The fractured area show as in Fig. 
3(a) there are more dimples facets can be identified which is the cause for ductile failure. The dimples could be 
more clearly visible in the Fig. 3 (d) hence it is also have reported low tensile strength when compared to that of 
figure 3 (b & c) which resulted in high tensile strength. 
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a) b)  
c) d)  
Fig.3(a-d) SEM images of Al 2024 alloy in the fractured area 
In the Fig. 3 (b & c) have more cleavage facets than the dimples which are the cause of brittle failure and had 
resulted in higher tensile strength values. Thus, the welding parameter combination has influenced the responses 
could be clearly seen in the microstructure level of the friction stir welded aluminium alloy 2024. The proper 
selection of parameter combination influences the hardening parameters such as hardening exponent, strength 
coefficient, initial yield strain which are the main cause for increasing the mechanical property characteristics have 
been reportedly enhanced. 
5. Conclusions 
The following conclusions were derived from the above investigation 
 
x The tool rotational speed was considered as the most influencing factor for the hardening parameters followed by 
other welding parameters such as welding speed and diameter ratio. 
x The developed regression models are proved viable and reliable in prediction of the mechanical property 
characteristics. 
20μm 
20μm 20μm 
20μm 
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x It was identified that the hardening parameters and welding parameters are well related through this study on 
friction stir welding of Al 2024 alloy. 
x This relation helped in identifying the behavior of FSW joints and used to minimize experimental cost and time. 
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